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Early in development, motoneurones are critically dependent on their target muscles for
survivalanddifferentiation.Previousstudieshaveshownthatneonatalaxotomycausesmassive
motoneuronedeathandabnormalfunctioninthesurvivingmotoneurones.Wehaveinvestigated
the electrophysiological and morphological properties of motoneurones innervating the ﬂexor
tibialis anterior (TA) muscle during the ﬁrst week after a neonatal axotomy, at a time when the
motoneuroneswouldbeeitherintheprocessofdegenerationorattemptingtoreinnervatetheir
targetmuscles.Wefoundthatalargenumber(∼75%)ofTAmotoneuronesdiedwithin3weeks
after neonatal axotomy. Intracellular recordings revealed a marked increase in motoneurone
excitability, as indicated by changes in passive and active membrane electrical properties. These
changes were associated with a shift in the motoneurone ﬁring pattern from a predominantly
phasic pattern to a tonic pattern. Morphologically, the dendritic tree of the physiologically
characterized axotomized cells was signiﬁcantly reduced compared with age-matched normal
motoneurones. These data demonstrate that motoneurone electrical properties are profoundly
altered shortly after neonatal axotomy. In a subpopulation of the axotomized cells, abnormally
highmotoneuroneexcitability(inputresistancesigniﬁcantlyhighercomparedwithcontrolcells)
was associated with a severe truncation of the dendritic arbor, suggesting that this excitability
may represent an early electrophysiological correlate of motoneurone degeneration.
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The effects of motoneurone (MN) disconnection from
their targets are age dependent. Axotomy in adulthood
resultsintemporaryfunctionalchangesfollowedbyalmost
complete recovery if reinnervation is allowed to occur.
Unlike adult axotomy, neonatal axotomy results in cell
death (Romanes, 1946; Schmalbruch, 1984; Lowrie et al.
1987), the extent of which depends upon the site and
severity of axonal injury (Kashihara et al. 1987). The
mechanisms involved in axotomy-induced MN death are
not well understood, although the loss of trophic factors
derived from muscles may be partly responsible (Wiese
et al. 2004).
We have previously shown that following neonatal
axotomy, those MNs that survive into adulthood and
reinnervate fast ankle dorsiﬂexor muscles exhibit a shift
in their ﬁring pattern from phasic to tonic (Navarrete
&V r b o v ´ a, 1984; Vejsada et al. 1991). Chronic electro-
myogram (EMG) recordings from the tibialis anterior
(TA) muscle in freely moving rats revealed that the
discharge pattern of the muscle was altered permanently
after a neonatal sciatic nerve crush. No such change
was observed in similar recordings obtained from the
soleus muscle. In contrast, axotomy in the adult animal
does not result in any changes in the ﬁring pattern of
motoneurones reinnervating either dorsiﬂexor or plantar
extensor muscles (Navarrete & Vrbov´ a, 1984).
Vejsada et al. (1991) also observed that the postural
spinal reﬂexes of neonatally axotomized adult
(reinnervated) TA motoneurones revealed signiﬁcant
abnormalities, which led them to suggest that the
changes in ﬂexor motoneurones may reﬂect increased
motoneurone excitability. Additional evidence that
neonatal axotomy results in a hyperexcitability of injured
motoneurones comes from one of our previous studies in
which we have reported that neonatally axotomized MNs
may also be more vulnerable to excitatory glutamatergic
synaptic drive and may eventually degenerate (Mentis
et al. 1993).
Toinvestigatethemechanismsthatmightberesponsible
forthealteredﬁringpatternofTAmotoneuronesfollowing
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neonatal axotomy, we compared the active and passive
membrane properties and the ﬁring behaviour of normal
and axotomized TA motoneurones during the ﬁrst week
after nerve crush, by employing the isolated spinal
cord–hindlimb preparation in vitro.
Asecondreasontoinvestigateneonatalaxotomywasto
study possible mechanisms of cell death. Several lines of
evidenceimplicateglutamatetoxicityinthisprocess.First,
axotomy-induced cell death can be substantially reduced
by application of glutamate antagonists after the axotomy
(Mentis et al. 1993; Greensmith et al. 1994; Gougoulias
etal.2007).Second,axotomizedmotoneuronesareknown
to be more susceptible to glutamate toxicity than normal
motoneurones (Greensmith et al. 1995). Finally, after
axotomy, there is a substantial upregulation of glutamate
receptors on motoneurones (Virgo et al. 2000). After
axotomy, adult motoneurones exhibit a transient increase
in excitability. If such a change also accompanies neonatal
axotomy, it might account for the extreme susceptibility
ofneonatalmotoneuronestoglutamatetoxicityfollowing
axotomy. To investigate this possibility, we examined the
intrinsic excitability of axotomized motoneurones and
compared them to control MNs within the ﬁrst week
after axotomy, when many motoneurones die. Although
we had no direct marker of cell death, we found that a
subset of axotomized motoneurones exhibited a grossly
abnormal morphology manifested by severe truncation
of the dendritic arbor and extreme hyperexcitability
consistent with degeneration.
Figure 1. Experimental set-up
A, schematic representation of the hemisected
spinal cord–hindlimb preparation. The tibialis
anterior (TA) muscle was labelled on the day of
birth (P0) with the ﬂuorescent dyes Fast Blue
and Diamidino Yellow (shaded muscle). Note
the location of labelled TA motoneurone pool
in the spinal cord (A and B). Recording and
stimulating electrodes were placed in: (i) the
ventral root (VR) L4; (ii) the common peroneal
(CP) nerve proximal to the site of crush; and
(iii) the TA muscle, to record the EMG and/or to
stimulate. Synaptically mediated responses
were assessed following stimulation of the
peripheral nerves (tibial and common peroneal).
The viability of the preparation was monitored
from the VR-L3 recordings. B shows the extent
of the retrogradely labelled TA motoneurone
nucleus seen under epiﬂuorescence and the
intracellular microelectrode containing a
mixture of Lucifer Yellow and neurobiotin
(magniﬁcation ×10). R, rostral; C, caudal; V,
ventral; and D, dorsal. C, superimposed traces
recorded intracellularly in response to
stimulation of: (i) VR-L4; (ii) CP nerve; and
(iii) TA muscle (arrows indicate the onset of the
antidromically evoked action potential).
Methods
Surgery
AtotalofonehundredandﬁfteenalbinoSprague–Dawley
rats of both sexes were used in this study. All surgical
procedures were carried out in compliance with the
UK Animal (Scientiﬁc Procedures) Act 1986. To study
the time course of MN death, a total of 23normal
and 30axotomized animals were used for retrograde
labelling of motoneurones with ﬂuorescent markers.
Electrophysiologicalanalysiswascarriedoutin32normal
(postnatal day, P3–P6, n=13; and P7–P9, n=19)
and 30axotomized animals (P3–P6, n=15; and P7–P9,
n=15).
Newborn rats (P0) were anaesthetized with ether, and
the TA muscles were injected bilaterally with 0.5μlo fa n
aqueous suspension of 2.5% Fast Blue (FB) and 2.5%
Diamidino Yellow dihydrochloride (DY; EMS-Polyloy,
Groβ-Umstadt, Germany). The FB labelled the soma and
proximal dendrites and the DY labelled the nucleus of
MNs. This labelling procedure was used to avoid double
counting of MNs from serial sections. Two days later
(P2), allowing time for retrograde transport of the dyes
to the soma of TA MNs, the rats were re-anaesthetized,
and the right common peroneal (CP) nerve was exposed
and crushed about 1–2mm from the entry point into the
muscle (Fig.1A).
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Time course of axotomy-induced cell death
Motoneurone death was assessed by counting the number
of FB/DY ﬂuorescently labelled MN somata at various
intervals after CP nerve crush (time points: P3, P5, P7,
P14, P21 and 3months old–adult). The animals were
deeply anaesthetized (4% chloral hydrate, 2ml(100g
body weight)−1 i.p.) and perfused transcardially with 4%
paraformaldehyde in 0.01 M phosphate buffer (0.027M
KCl and 0.137M NaCl pH7.4). The spinal cords were
postﬁxed for at least 12h and transverse serial sections
(70μm thick) were cut using a Vibratome (Series1000,
Vibratome, St. Louis, MO, USA). The somata of
ﬂuorescently labelled MNs were visualized using a
Zeiss-Axioscope microscope equipped with an ultraviolet
(UV) ﬁlter (365–420nm excitation wavelength). Only
MNs showing both cytoplasmic FB and nuclear DY
labelling were counted. The results are expressed as the
ratio of right/left side counts (see Fig. 2).
Hemisected spinal cord–hindlimb preparation
Intracellular recordings were carried out using the in vitro
hemisectedspinalcord–hindlimbpreparationasdescribed
by Walton & Navarrete (1991). Rats were anaesthetised
withetheranddecapitatedwithapairofsharpscissors.The
dissectionwasperformedunderacontinuousﬂowofcold
(∼4◦C) oxygenated Krebs solution. The spinal cord was
divided mid-sagitally, leaving the right hemisected spinal
cord in continuity with the spinal roots and the hindlimb.
Thesciaticnerveanditstwomajorbranches,thecommon
peroneal and tibial nerves, were identiﬁed and dissected
free to facilitate placement of stimulating electrodes.
Electrophysiological recordings
Figure1 shows a schematic drawing of the experimental
set-up. The preparation was mounted on the stage of a
purpose-built micromanipulation microscope equipped
with Nikon optics and epiﬂuorescence (M2B, Micro
Instruments, Oxford, UK) and perfused at a rate of
3–5mlmin−1 withoxygenatedKrebssolutionmaintained
at room temperature (23–25◦C). The Krebs solution
consisted of (mm): 113NaCl, 4.5KCl, 1Mg2SO4,2C a C l 2,
1N a 2HPO4, 25NaHCO3 and 11glucose.
Extracellular electrodes were switched between
recording and stimulation modes. Stimulation was
performedusingastimulus-isolatedconstant-voltageunit
(DS2, Digitimer, Letchworth Garden City UK). A suction
electrode was used to record the ventral root potential
fromthethirdlumbarventralroot(VR-L3)inresponseto
peripheral nerve stimulation, which allowed the viability
of the preparation (Fig.1A, VR-L3) to be monitored.
Bipolar electrodes made from twisted Teﬂon-coated silver
wires (Advent Research Materials Ltd, Eynsham, Oxford,
UK) were used for stimulation of peripheral nerves (CP
and tibial) or the VR-L4 (Fig.1A). A concentric bipolar
electrode (NE-100, Clark Electromedical Instruments,
Reading, UK) was used to record the EMG and to
stimulate intramuscular branches of the nerve supplying
the TA muscle. Signals were differentially ampliﬁed using
a Neurolog AC preampliﬁer (NL104, Digitimer) ﬁltered
(NL125, Digitimer) and fed to an analog-to-digital
converter (1401 plus, CED, Cambridge, UK).
The retrogradely labelled TA motoneurone pool was
visualized from the lateral aspect of the hemicord under
epiﬂuorescence illumination using long working distance
objectives (Dekkers et al. 1994). The addition of Lucifer
Yellow to the micropipette solution (Fig.1B) facilitated
targeting of individual MNs for intracellular recording.
Images were captured using a CCD black/white video
camera (WVBL-600, Panasonic, Japan) and stored in
an IBM computer using commercially available software
(RGB-Video, G2-Imaging, London, UK) for future
reference.
Intracellular recordings were made in bridge mode
using an Axoclamp2B ampliﬁer (Union Molecular
Devices, Sunny vale, CA USA). Glass microelectrodes
(GC120TF-10, 1.2mm o.d., 0.94mm i.d., Clark Electro-
medical Instruments) pulled using a Kopf720 micro-
pipettepuller(D.KopfInstruments,Tujunga,CA,USA)to
a ﬁnal resistance of 15–30M  were used. The electrodes
were ﬁlled with 1.5m potassium acetate, 4% neurobiotin
(Vector Laboratories) and 0.3% Lucifer Yellow CH (LY,
Sigma). The recorded signals were stored in a personal
computer using the SIGAVG software (CED) for off-line
analysis.
Data acquisition and analysis
Motoneuronesincludedforanalysisfulﬁlledthefollowing
criteria: (i)stable resting potential of at least −55mV;
(ii)overshooting action potential; and (iii)recording
time of at least 30min. To ensure uniformity, electro-
physiological properties were recorded at a holding
membrane potential of −60mV.
Antidromic action potentials were initially evoked by
single-pulse stimulation (pulse duration: 0.2ms) of the
VR-L4 (or VR-L5), CP nerve and the TA muscle nerve.
This method conﬁrmed the identity of the MN, based
on visual identiﬁcation from the ﬂuorescent signal in
the soma. It was important to identify axotomized TA
motoneurones,sinceanantidromicactionpotentialcould
beelicitedfollowingstimulationoftheCPnerveproximal
to the site of injury but not from the TA muscle nerve.
Stimulation of either the CP nerve or the TA muscle
resulted in an antidromic spike followed closely by a
synapticresponsemaskingtheafter-depolarization(ADP)
andafter-hyperpolarization(AHP)ofthespike.Therefore,
we measured the ADP and AHP from action potentials
evoked upon stimulation of the ventral root.
The following parameters associated with the
VR-L4/5 antidromic action potential were measured:
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Table 1. Membrane properties of normal and axotomized TA motoneurones
Experimental groups
Parameter Normal (P3–P6) Normal (P7–P9) CP Crush (P3–P6) CP Crush (P7–P9)
n 17 24 27 23
Resting potential (mV) −66.88 ± 1.46 −63.30 ± 1.08 −65.16 ± 1.49 −64.38 ± 1.32
Spike amplitude (mV) 70.35 ± 2.32 69.64 ± 1.48 81.28 ± 2.09∗† 79.90 ± 2.34∗†
Spike overshoot (mV) 5.84 ± 1.64 7.48 ± 1.50 22.69 ± 1.92∗† 17.91 ± 2.04∗†
Spike half-width (ms) 1.67 ± 0.09 1.65 ± 0.07 1.45 ± 0.12 1.51 ± 0.08
Rate of rise (mV ms−1) 39.61 ± 3.58 41.03 ± 2.83 69.99 ± 5.30∗† 59.30 ± 3.33∗†
AHP amplitude (mV) −1.82 ± 0.21 −1.46 ± 0.20 −3.15 ± 0.43∗† −3.26 ± 0.34∗†
AHP duration (ms) 76.51 ± 6.99 68.00 ± 3.55 130.09 ± 7.14∗† 129.71 ± 10.11∗†
Input resistance (M ) 13.64 ± 2.10 6.22 ± 0.86∗ 19.67 ± 2.01† 19.40 ± 2.49†
Time constant (ms) 2.78 ± 0.44 2.40 ± 0.20 5.36 ± 0.62∗† 4.79 ± 0.54∗†
Rheobasic current (nA) 2.76 ± 0.59 3.33 ± 0.51 1.41 ± 0.18∗† 1.21 ± 0.19∗†
Voltage threshold (mV) −45.0 ± 1.78 −47.31 ± 1.23 −44.28 ± 1.35 −46.03 ± 0.98
Statistical signiﬁcance was calculated using two-way ANOVA. ∗P < 0.05 with respect to normal (P3–P6); †P < 0.05 with
respect to normal (P7–P9). The results are expressed as means ± S.E.M.
(i)resting potential; (ii)spike amplitude; (iii)overshoot;
(iv)time-to-peak amplitude; (v)spike duration at half-
amplitude; (vi)threshold (voltage) of evoking an anti-
dromic action potential; (vii)AHP amplitude; (viii)AHP
duration; and (ix)presence/absence of ADP. The presence
or absence of ADP was determined from a clear break
in the repolarizing phase of the spike. If no break was
observed and the repolarizing phase of the spike followed
smoothly into the AHP, the ADP was considered to be
absent(seeFig.4).ThedurationoftheAHPwasmeasured
from the falling phase of the action potential crossing
the baseline, to the point at which the AHP membrane
trajectory returned to the resting membrane potential.
The threshold of membrane potential for evoking an
antidromic action potential from ventral root stimulation
was determined by three positive all-or-none responses
out of ﬁve trials.
The passive membrane properties were assessed by
injection of depolarizing and hyperpolarizing current
pulses (100ms duration) at the resting membrane
potential. The input resistance (Rin) was calculated from
the slope of the current–voltage plot within the linear
range. The time constant was calculated as the time
taken for the membrane potential to reach 66.7% of the
steady-state voltage in response to a current step. The
rheobasiccurrent(Irh)wasdeterminedasthedepolarizing
current required to evoke a single action potential. The
action potential and passive membrane properties were
measured from single traces, except for the AHP duration
and AHP amplitude (shown in Table 1).
Repetitive ﬁring properties were studied following
injection of depolarizing current for 1s. To characterize
and compare quantitatively the ﬁring patterns of normal
and axotomized MNs, we calculated the instantaneous
ﬁring rate as the inverse of the interspike interval (ISI;
expressed in Hz), at two different levels of current
injection: (i)at the threshold (Thr) of current required
for repetitive ﬁring (minimal ﬁring rate); and (ii)at twice
the threshold current strength (2×Thr). The latter was
assigned arbitrarily as the maximal ﬁring rate, although
someMNswerecapableofﬁringathigherfrequencies.The
minimal and maximal ﬁring rates (expressed in Hz) were
calculatedastheinverseofthemeanofISIsfromallstepsof
injected current (increments of 0.1 from Thr to 2×Thr)
for: (i)the ﬁrst ISI; (ii)the ﬁrst 100ms; and (iii)the last
500ms of current injection (adapted). The coefﬁcient of
variation(CV)wascalculatedasthestandarddeviationof
the ISIs divided by the mean of the ISIs at the threshold
for repetitive ﬁring (minimal ﬁring rate) and twice the
threshold (2×Thr; maximal ﬁring rate).
For synaptically mediated responses, the CP and tibial
nerves were stimulated. The threshold stimulus intensity
which resulted in a consistent synaptic response was
determined, and subsequent stimulus intensities were
delivered at two to ﬁve times threshold. Unless otherwise
indicated, recordings shown in this study are the averages
of three to ﬁve individual events evoked at a stimulus
frequencyof0.2Hz.Stimulationat0.2Hzproducedmini-
mally depressed synaptic responses.
Morphology of intracellularly ﬁlled CP motoneurones
Following electrophysiological characterization, several
MNs were intracellularly ﬁlled with neurobiotin. The
tracer was injected by depolarizing steps of current
(0.5–3.0nA, 200ms in duration at 3.3Hz frequency)
applied for 30min and allowed to diffuse for at least
another 30min before the hemisected spinal cord was
ﬁxedin4%paraformaldehyde.Visualizationwasachieved
according to the procedure described by Horikawa &
Armstrong(1988).Brieﬂy,thehemisectedspinalcordwas
cut into parasagittal sections (100μm) using a Vibratome
and collected in 0.1m phosphate buffer. Motoneurone
visualizationwascarriedoutonindividualsections,using
the ABC method (Vector Laboratories, Peterborough,
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UK) with diaminobenzidine (DAB) as a chromogen, and
then sections were dehydrated, cleared and permanently
mounted.
Sections containing labelled MNs were photographed
using an Olympus BH2 microscope equipped with
a drawing tube. In addition, two-dimensional
reconstruction of the MN dendritic tree was carried
out from serial sections for 22 intracellularly ﬁlled cells
(control, n=11; CP crush, n=11). For this purpose,
all the sections containing dendrites were drawn, at a
ﬁnal magniﬁcation of ×750, using an Olympus BH2
microscope equipped with a drawing tube. A complete
representation of the MN dendritic tree was obtained
by consecutive superimposition of these drawings.
Morphometric analysis of the dendritic tree was carried
out on camera lucida-reconstructed MNs by measuring
the length of all the dendrites, using a digitizing tablet
(Summagraphics), hence the total dendritic length (TDL)
per MN was calculated. Although the measurements
for the dendritic length of MNs were taken from serial
sections, this is an underestimate of the whole dendritic
length because reconstructions were only conducted in
two dimensions.
Statistics
Results are presented in the text and ﬁgures as
means±s.e.m.Toassessstatisticaldifferencesbetweenthe
control and axotomized groups, we performed two-way
ANOVA, Paired Student’s t test and the non-parametric
Mann–Whitney U test (signiﬁcance taken as P <0.05)
using the software packages SigmaStatv.32 (Jandel
Scientiﬁc,ErkrathGermany)orSTATISTICAv.6(Statsoft,
Tulsa, OK USA). Relationships between somatic area
and input resistance, as well as total dendritic length
and input resistance, were assessed using the Pearson
product–moment correlation (r). Comparison of the
coefﬁcient r between normal and axotomized cells was
performed using a difference test (Statistica v.6). The
coefﬁcientofvariation(CV)fortheﬁringpatternbetween
normal and axotomized MNs was tested for normality
using the Shapiro–Wilk W test. Since the data were
normally distributed, an ANOVA on Ranks sum test
was used to test statistical signiﬁcance. The data of
input resistance, soma area and total dendritic length
presented and correlated in Fig. 10 were tested for
normality using the Shapiro–Wilk W test and were found
to be normally distributed.
Results
Time course of motoneurone death and reinnervation
To assess the time course of MN death following CP nerve
crushatP2weperformedMNcountsinindividualanimals
at various time points following injury. Approximately
75% of injured MNs were lost during the ﬁrst 2weeks
after nerve crush (Fig. 2). The maximal rate of cell death
was observed during the ﬁrst 5days after nerve injury.
Figure2C shows the percentage ratio of MNs in the left
andrightsidesofthespinalcordinnormalanimalsandin
thosesubjectedtoCPnervecrushontherightside.Counts
of prelabelled TA MNs on both sides of the spinal cord in
normal animals revealed that the ﬂuorescent dyes per se
did not have any signiﬁcant effect on MN death (data not
shown).Therewereonaverage152.9±6TAMNs(average
ofleftandrightcountsin23normalanimals;4animalsper
time point except in adults where n=3). No signiﬁcant
changes were observed in comparison with the number
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Figure 2. Time course of axotomy-induced motoneurone death
Transverse sections of a P7 spinal cord showing Fast Blue/Diamidino
Yellow labelled TA motoneurones on the control (A) and injured side
(B). There were fewer motoneurones labelled on the side of the nerve
crush. Note the presence of small microglial-like cells within the
axotomized motoneurone nucleus (B). C, TA motoneurone counts
were expressed as a percentage of motoneurone number in the right
side (nerve crush) divided by the number on the left (contralateral)
side. Counts from normal (non-injured) animals () revealed that there
is no difference between the two sides of the spinal cord. In contrast,
counts from injured animals ( ) show that CP nerve crush at P2 results
in ∼75% motoneurone death. The maximal rate of cell death was
observed during the ﬁrst 5 days after nerve injury.
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of MNs on the contralateral (control) side of injured
animals (157.7±5.1; 30injured animals; 5animals per
timepoint),consistentwithpreviousreports(Peyronnard
&Charron,1983;Peyronnardetal.1986).Theventralhorn
ofthespinalcordfromaP7animalsubjectedtounilateral
nerve crush is shown in Fig.2A and B. On the control
side (Fig.2A), a group of ﬂuorescently labelled TA MNs is
seen in the dorsolateral part of the ventral horn. On the
injuredside(Fig.2B),therewerefewerlabelledMNs,anda
concomitantincreaseinthenumberofsmallﬂuorescently
labelledmicroglial-likecellswasseen.Thesecellsmayhave
taken up the ﬂuorescent label by phagocytosis of dying
MNs (Greensmith & Navarrete, 1994).
It has been proposed that successful reinnervation
increases the chance of MN survival (Lowrie & Vrbov´ a,
1992). In this study, we investigated the extent of
reinnervation by stimulating the CP nerve proximal to
the site of injury and recording the EMG responses
from the TA muscle. We found that during the ﬁrst
3days after CP nerve crush (P3–P5), none of the
preparations was reinnervated (0/9), whereas at P7–P9
about 30% of the preparations (2/7) of the injured spinal
cords showed relatively small EMG responses to nerve
stimulationindicativeofearlyreinnervation.Theseresults
are in agreement with previous observations (Navarrete,
1991;Naiduetal.1996).Althoughintracellularlyrecorded
axotomized motoneurones were tested for reinnervation
by the presence of an antidromic action potential in
response to stimulation of the TA muscle nerve using the
indwellingEMGelectrode,noneofthecellsreportedinthis
studycouldbeactivatedantidromicallyfromthemuscle.
Electrophysiological characteristics
In order to investigate the electrophysiological
characteristics of axotomized MNs shortly after nerve
injury, at the time when the fate of MNs is unknown, we
performed intracellular recordings from axotomized and
control TA MNs during the ﬁrst 7days (P3–P9) after CP
crush. Intracellular recordings were obtained from a total
of 41normal and 50axotomized TA motoneurones that
showed a stable membrane potential of at least −55mV
which could be maintained for at least 30min in order
to fully characterize the electrophysiological properties of
these cells. Table 1 summarizes the electrophysiological
parameters of normal and injured MNs in the two age
groups studied (P3–6 and P7–9) and their statistical
differences.
Since a depolarized resting potential may be a
characteristic of degenerating MNs, we also compared
a smaller set of normal and axotomized MNs which
exhibitedarestingpotentialmorepositivethan−55mVor
whichcouldnotberecordedforaslongas30min(i.e.cells
that did not meet our criteria for analysis; see Methods).
Themean(±s.e.m.)restingpotentialin7normalTAMNs
in the P3–6 age group was −48.7±2.5mV (recording
time, 8±1 min) and −50.1±1.2mV in 10normal TA
MNs in the P7–9 age group (recording time, 17±7min).
The mean resting potential in axotomized TA MNs was
not signiﬁcantly different (two-way ANOVA) compared
withnormalMNs(CPcrushP3–6group−49.6±2.3mV,
n=5, recording time 11±6min; CP crush P7–9 group
−47.3±1.8mV, n=9, recording time 10±5min). The
percentage of cells excluded on the basis of a depolarized
resting potential or insufﬁcient duration of recording was
as follows: 41% (7/17) P3–6 control MNs; 42% (10/24)
P7–9controlMNs;19%(5/27)P3–6axotomizedMNs;and
39%(9/23)P7–9axotomizedMNs.Theseresultstherefore
indicate that the depolarized resting potential present in
some cells not used for the present analysis appears to be
due to damage inﬂicted by the electrode impalement.
Action potential characteristics. The TA motoneurones
were identiﬁed by the presence of: (i)ﬂuorescent prelabel
in the cell body; (ii)an antidromic action potential (AP)
followingstimulationoftheVR-L4;(iii)anantidromicAP
followingstimulationoftheCPnerve;and(iv)forcontrol
MNs only, also an antidromic AP following stimulation
of the TA muscle-nerve (Fig.1C). In both normal and
axotomized MNs, the antidromic action potential evoked
by the stimulation of the CP nerve was followed closely
by synaptically mediated responses, which resulted in the
‘masking’ of ADP and AHP (Fig.1C). Therefore, action
potentialparameterswereanalysedfromtheVR-L4evoked
antidromicactionpotential.Inaddition,toavoidpossible
interference owing to Renshaw inhibitory potentials, we
averaged 10spikes evoked by ventral root stimulation at
high frequency (5Hz).
TheamplitudeanddurationoftheAPremainedlargely
unchanged in normal MNs during the developmental
period studied (Fig.3D and Table 1). However,
comparison of the AP waveform between normal and
injured MNs showed striking differences, as illustrated
in Fig. 3. Injured MNs exhibited signiﬁcantly larger
amplitudeandovershootoftheAPcomparedwithnormal
(Fig.3A and B and Table 1). The rising phase of the
antidromicAPofnormalMNswascharacterizedbyaclear
break between the initial segment and somatodendritic
(IS-SD) components of the antidromic spike (Fig.3C,
arrow), as previously demonstrated for both adult and
neonatal MNs (Brock et al. 1953; Fulton & Walton, 1986).
In contrast, the vast majority of axotomized MNs did not
show a clear IS-SD break. The presence of an IS-SD break
is dependent on the membrane potential (Brock et al.
1953; Fulton & Walton, 1986) and is more prominent
in hyperpolarized cells. However, since all measurements
of electrophysiological parameters were carried out at a
holding membrane potential of −60mV, the loss of the
IS-SD break of the AP is probably a consequence of nerve
injury.
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Associated with the loss of the IS-SD break, there was
an increase in the rate of rise of the action potential in the
injured MNs, which was already evident in the ﬁrst 3days
afterinjury(Fig.3CandEandTable1).Incontrast,therate
ofrepolarizationwasnotappreciablyaltered(Fig.3C).The
mean duration of the action potential (at half-amplitude)
was shorter in injured MNs but did not reach signiﬁcant
levels (Table 1).
After-depolarization and after-hyperpolarization.
Alterations in active membrane properties following
axotomy may lead to alterations in the ﬁring pattern of
the MN. We therefore analysed in detail two parameters
of the AP, the ADP and the AHP, which are closely
associated with the pattern of ﬁring. In most normal
neonatal TA motoneurones, the action potential was
followed by a prominent ADP and a relatively short
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Figure 3. Altered action potential characteristics following neonatal axotomy
Antidromic action potentials elicited by ventral root L4 stimulation in a P8 normal (A) and a P7 injured TA
motoneurone (B). The two traces are superimposed and shown in (C) on an expanded time scale. The rising phase
oftheactionpotentialinthenormalcellshowsadistinctinitialsegment-somatodendriticbreak(arrow),whilethisis
absent in the injured cell. Note the larger amplitude and faster rate of rise of the action potential in the axotomized
motoneurone.Notealsothemorepronouncedafter-hyperpolarizationintheaxotomizedmotoneurone.Theresting
potential in the normal and injured motoneurone was −60.5 and −61.7 mV, respectively. Comparisons of mean
values of spike amplitude and rate of rise of the action potential are shown in D and E, respectively (∗P < 0.05
compared with P3–P6 normal; †P < 0.05 compared with P7–P9 normal; two-way ANOVA).
AHP (approximately 50–80ms). The ADP could take
the form of a depolarizing ‘hump’ (Fig.4A,a r r o w )o r
follow smoothly the end of the repolarizing phase of the
AP. Between 70 and 80% of normal TA MNs exhibited a
‘hump-like’ ADP (Fig.4C). The presence of a prominent
ADPwasalsoassociatedwithaparticularlyhighincidence
of ‘doublet’ ﬁring, with the second spike riding on the
ADP (Fig.4B and D; Navarrete & Walton, 1989; Viana
etal.1993a;Martin-Caraballo&Greer,2001).Incontrast,
this ‘hump-like’ ADP was conspicuously absent in the
majority of axotomized MNs (Fig.4A and C). At P3–P6,
only43.5%(10/23)ofaxotomizedMNsexhibitedanADP
and at P7–P9 this decreased further to 11.8% (2/17, see
Fig.4C). The loss of the ADP in the axotomized MNs was
also correlated with a marked decrease in the incidence of
doublet ﬁring which was already evident within the ﬁrst
few days after injury (Fig.4D).
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In normal TA motoneurones at P3–P6, the amplitude
and duration of the AHP was relatively short and there
were no signiﬁcant differences in either of these two
parameters during early postnatal development (Fig. 5
and Table 1). However, injured MNs exhibited a larger
and longer AHP at both ages studied (Fig.5B and C).
Comparison of the mean AHP between normal and
injured MNs showed a signiﬁcant twofold increase in the
AHP amplitude and duration (Table 1). The plot of the
distribution of AHP duration for the two populations
of MNs at P7–P9 (Fig.5D) revealed that approximately
40%oftheinjuredMNspossessedAHPswithabnormally
long duration, which was longer than the maximal value
measured in the normal cells (>110ms). Finally, in
order to test the possibility that the AHP duration may
be affected as a result of changes in recurrent inhibition
as a result of the axotomy per se, we compared the AHP
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Figure 4. Reduction of after-depolarization (ADP) in injured motoneurones
A, superimposedtracesofantidromicallyevokedactionpotentials(APs)fromP7normalandinjuredmotoneurones,
showing the presence of a prominent ADP in the normal motoneurone (arrow) and its absence in the injured
cell. Arrowhead indicates the stimulus artifact. B, superimposed traces of orthodromically evoked APs following
intracellular current injection (bottom traces) in a P6 normal cell. A second action potential was elicited at the
peak of the ADP (arrow; normal resting potential, −62.4 mV and injured resting potential, −69.7 mV in A; and
normal resting potential, −60.5 mV in B). Note the lower incidence of ADP (C) and doublet ﬁring (D) in the injured
motoneurones (population statistics).
duration in control and axotomized MNs following two
different methods. The AHP duration was also measured
for a smaller set of control and axotomized MNs after
an action potential was evoked by small positive current
injection and was measured by a similar method to the
ventral root antidromic stimulation. The AHP duration
was not signiﬁcantly different between the two methods
of measurements between control and axotomized MNs
for any of the age groups. In particular, the AHP duration
for three control MNs (age, P3–P6) following ventral root
stimulation was 92.9±21.9ms, whereas for the same
three MNs the AHP duration following orthodromic
stimulation was 91.7±12.8ms (n.s.; paired Student’s
t test). Similarly, in three P7–P9 control MNs, it was
62.8±8.2ms (ventral root stimulation method), whereas
following orthodromic stimulation it was 49.5±4.2ms
(n.s.; paired Student’s t test). The AHP duration in four
C   2007 The Authors. Journal compilation C   2007 The Physiological SocietyJ Physiol 582.3 Motoneurone electrophysiological alterations after injury 1149
P3–P6axotomizedMNswas121.5±19.6ms(ventralroot
stimulation method), whereas following orthodromic
stimulation it was 130.4±14.7ms (n.s.; Mann–Whitney
U test). Finally, in the P7–P9 age group of axotomized
MNs, the AHP duration for four MNs following ventral
root stimulation was 150.7±28.0ms, whereas the AHP
duration for the same four MNs following orthodromic
stimulation was 170.8±9.3ms (n.s.; paired Student’s
t test).
Passive membrane properties. In order to further
characterizethechangesinmembraneexcitabilityofMNs
following axotomy, we investigated the passive membrane
properties in control and axotomized MNs. Figure6
shows membrane voltage responses to hyperpolarizing
and depolarizing current pulses for a normal and an
injured MN. The input resistance (Rin) was calculated
from the slope of the I–V plot (Fig.6C). In normal MNs,
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A, superimposed traces of action potentials from P7 normal and injured motoneurones, showing
the after-hyperpolarization. The injured motoneurone revealed a larger amplitude and longer duration
after-hyperpolarization. The traces are averages of ﬁve consecutive responses acquired following VR-L4 stimulation
at 1 Hz. The resting membrane potential was similar for both the normal (−63 mV) and the injured motoneurones
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there was a signiﬁcant developmental reduction in input
resistance and time constant between the two age groups
(Fig.6E andTable1),indicatingadevelopmentaldecrease
in cell excitability. During the same period, the rheobasic
current increased, although not signiﬁcantly (Fig.6F and
Table 1).
Following neonatal nerve injury, the mean input
resistance was signiﬁcantly greater than control values
for the two age groups studied (Fig.6E, Table 1).
The distribution of Rin values for P7–P9 control and
axotomizedMNs(Fig.6D)revealsthatapproximately45%
of axotomized neurones have abnormally high values of
Rin, ranging between 20 and 50M ,w e l li ne x c e s so f
the highest value recorded from normal MNs. Similarly, a
twofold increase in the time constant of axotomized MNs
was observed (Table 1). Moreover, a signiﬁcant reduction
in the rheobasic current was observed in axotomized
MNs with respect to age-matched controls (Fig.6F and
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Table 1). Since no signiﬁcant differences were observed
between normal and axotomized MNs with respect to the
voltage threshold at which an action potential was evoked
(Table1),thesechangesdemonstratethatthereisamarked
increase in MN excitability following neonatal axotomy.
Repetitive ﬁring. The above-mentioned changes in
passive and active membrane properties following nerve
injury indicate that cells become more excitable after
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Figure 6. Passive membrane properties reveal an increased excitability in axotomized motoneurones
Superimposed traces of membrane potential in a P7 normal (A) and a P6 injured TA motoneurone (B) following
depolarizing and hyperpolarizing current injections (bottom traces). Arrow in A indicates the presence of an
after-depolarizing potential in the normal cell, which is absent in the axotomized motoneurone. The resting
potential was −61.6 mV in the normal and −61.9 mV in the injured motoneurone. C shows the current–voltage
relationship for the corresponding cells. The input resistance (calculated from the slope of the plot) was higher in
theinjuredmotoneurone(11.1 M ,•)comparedwiththenormalMN(3.6 M , ).D showsthedistributionofthe
input resistance values in the population of motoneurones studied in the P7–P9 age group. Approximately 30% of
injured motoneurones possessed abnormally high values, ranging between 20 and 50 M . Injured motoneurones
revealed on average a signiﬁcantly higher mean of input resistance (E) and concomitantly, signiﬁcantly lower mean
for rheobasic current (F) compared with normal motoneurones in the two age groups (∗P < 0.05 compared with
P3–P6 normal; †P < 0.05 compared with P7–P9 normal; two-way ANOVA).
neonatalaxotomy,aﬁndingthatshouldhaveimplications
for the MN ﬁring behaviour. We therefore studied
the repetitive ﬁring pattern following long depolarizing
current pulses (1s) in 21normal (n=9 at P3–P6; n=12
at P7–P9) and 17injured TA motoneurones (n=8a t
P3–P6; n=9 at P7–P9). The TA motoneurones exhibited
four different types of ﬁring pattern, as follows: (i)single
action potential ﬁring, which was independent of the
amplitude of the depolarizing pulse (Fig.7A); (ii)burst
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Figure 7. Firing patterns in normal motoneurones
Normal TA motoneurones exhibited four different patterns of ﬁring (A–D) in response to suprathreshold
depolarizing current pulses. A shows a P6 motoneurone which ﬁred a single spike, independent of the intensity
of current injection (resting potential, −71.3 mV). B, P8 motoneurone showed phasic (burst) ﬁring only for the
ﬁrst 200 ms of the current pulse (resting potential, −68.1 mV). C, another P8 motoneurone, showing adapted
(burst/tonic) ﬁring (resting potential, −62.3 mV). D, a different P8 motoneurone ﬁring tonically (resting potential,
−68.9 mV;currentpulsesareshowninthebottomtraces).Inallcases,ﬁringwasevokedfromtherestingmembrane
potential. E, simultaneous recordings of the membrane response and EMG activity from the TA muscle following
a depolarizing current pulse. F shows the ﬁrst 200 ms in G on an expanded time scale. Note that each action
potential elicited a motor unit potential (MUP) in the TA muscle (arrowheads), indicating that the motoneurone
ﬁring pattern is faithfully transmitted to the muscle.
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ﬁring, characterized by a phasic discharge of two or
more action potentials, occurring within the ﬁrst 200ms
of the beginning of the depolarizing pulse followed by
quiescence (Fig.7B); (iii)burst/tonic discharge, which
was characterized by an initial burst for the ﬁrst
100–200ms followed by irregular sustained ﬁring for
the rest of the current pulse duration (Fig.7C); and
(iv)tonicﬁring,acontinuoussustainedﬁringwithregular
interspike intervals (ISI) throughout the depolarization
(Fig.7D).
It is worth noting that Vinay et al. (2000) found
no relationship between input resistance and ﬁring
behaviour in a population of ﬂexor motoneurones (anti-
dromically identiﬁed from the common peroneal nerve)
in the neonatal (P0–P2) rat. Speciﬁcally, they found that
motoneuronesunabletoﬁrerepetitivelyhadsimilarinput
resistances to those exhibiting a maintained discharge in
response to a step of current injection (26.4±3.3 versus
28.8±2.7M , respectively). Similarly, in our study, the
membrane potential and input resistance were similar
between the cells that ﬁred repetitively and those that
did not. Thus, methodological factors, such as damage
resulting from electrode impalement, are not responsible
for the different patterns observed. These may represent
successive stages in the development of repetitive ﬁring
instead, as has been proposed by Vinay et al. (2000).
In addition, cells in which an impalement artifact was
suspected or where electrode rectiﬁcation was observed
were excluded from the analysis.
To provide a quantitative measure of the differences in
the discharge patterns of normal and axotomized MNs,
the rate and variability of ﬁring were calculated at the
beginning and end of the spike train, and the results
are presented in Table 2. The majority of normal MNs
exhibitedaburst/tonicﬁring[P3–P6,66.7%(6/9);P7–P9,
58.3% (7/12)] characterized by a relatively high rate of
ﬁring during the ﬁrst 100ms and a lower rate of adapted
ﬁringduringthelast500msofthecurrentinjectionpulse.
Inthesecells,theCVoftheISIwashigh.Atbothages,about
10% of the cells (P3–P6, 11.1%; P7–P9, 8.3%) exhibited
a burst pattern of ﬁring, in which ﬁring could not be
maintainedforthewholedurationofthecurrentinjection
pulse. These cells showed a high instantaneous ﬁring rate
during the ﬁrst 100ms. Finally, a tonic pattern of ﬁring
was seen in only 16.7% (2/12) of the P7–P9 normal cells
(no cells showed regular tonic ﬁring in the normal P3–P6
group).About20%ofnormalMNs(P3–P6,22.2%;P7–P9,
16.7%)atbothagesstudiedﬁredasinglespike.Thesecells
couldnotﬁrerepetitivelyevenwithcurrentpulsesofmore
than twice the current threshold.
In many control preparations, during repetitive ﬁring
elicited by intracellular current injection, a small but
distinct motor unit potential (MUP) was recorded
from the TA muscle by the indwelling EMG electrode
(Fig.7E and F). The MUP consistently reproduced the
ﬁring pattern recorded intracellularly from the MN. The
temporal correspondence between the two spike trains,
andthefactthattheamplitudeoftheMUPvariedrelatively
little over time, suggest that the safety factor for neuro-
muscular transmission is sufﬁciently high for the MN
ﬁring pattern to be transmitted to the muscle.
Neonatal nerve injury induced a marked shift in the
ﬁring pattern of the TA motoneurones (Fig. 8 and
Table 2). In contrast to normal MNs, in which the
predominant pattern of ﬁring was burst or burst/tonic,
the vast majority of axotomized MNs exhibited a tonic
ﬁring pattern [P3–P6, 100% (8/8); P7–P9, 88.9% (8/9)].
Only one of the axotomized MNs in the P7–P9 age
group (11.1%) exhibited burst/tonic ﬁring and none
could be classiﬁed into ‘single spike’ or ‘burst’ categories.
Tonically ﬁring cells were characterized by a regular inter-
spike interval and a lower coefﬁcient of variation of
the ISI compared with burst/tonic MNs (Table 2). At
the threshold for repetitive ﬁring, there were signiﬁcant
differencesinCVoftheinterspikeintervalbetweennormal
(49.9±15.7 in P3–P6, 51.2±14.5 in P7–P9) and injured
MNs (13.6±1.9 in P3–P6, 16.3±2.1 in P7–P9; ANOVA
on Ranks sum test). This difference is also evident in
the frequency–current (f–I) relationship (Fig.8E and F).
Normal cells, stimulated at intensities close to threshold,
exhibited a clear ‘jump’ in the ﬁring frequency for the
ﬁrst and the second ISI (Fig.8E), which is indicative of
burst ﬁring. In contrast, injured MNs exhibited a linear
relationship between the ﬁring rate and the intensity of
current injection.
The coefﬁcient of variation of the ISI at the threshold
and twice the threshold of current required for repetitive
ﬁring in normal and injured MNs is shown in Table 2.
None of the axotomized cells exhibited burst/tonic ﬁring
intheP3–P6agegroupandonlyoneexhibitedthistypeof
ﬁring at P7–P9. The vast majority of axotomized cells in
bothagegroups(16/17)displayedatonicpatternofﬁring,
whereas only two normal MNs in both age groups (2/21)
exhibited tonic ﬁring (Table 2). These results therefore
demonstrate that peripheral nerve injury during early
postnataldevelopmentleadstoamarkedshiftoftheﬁring
patternofTAmotoneuronesfromaphasicorburstpattern
typicalofmotoneuronesinnervatingfastmusclestowards
a tonic ﬁring pattern characteristic of MNs innervating
slow muscles. This result suggests that neonatal axotomy
results in permanent changes in MNs that survive into
adulthood and have been shown to exhibit altered activity
pattern (Navarrete & Vrbova, 1984).
Synaptic responses. To investigate possible alterations in
the synaptic drive to axotomized MNs during the period
whenthevastmajorityofcellsaredisconnectedfromtheir
targetmuscle,weassessedthesynapticresponsesfollowing
stimulation of dorsal roots and peripheral nerves. Tibialis
anterior MNs receive depolarizing synaptic inputs
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Table 2. Altered ﬁring patterns of normal and axotomized TA motoneurones
Experimental groups
Firing pattern Parameter Normal (P3–P6) Normal (P7–P9) CP Crush (P3–P6) CP Crush (P7–P9)
Total cells n (number of cells) 9 12 8 9
Single Spike n 2/9 2/12 0 0
Burst n 1/9 1/12 0 0
Max. ﬁring rate (Hz) First ISI 142.8 108.7 — —
First 100 ms 76.9 76.3 — —
Adapted — — — —
Min. ﬁring rate (Hz) First ISI 91.0 65.8 — —
First 100 ms 19.2 32.8 — —
Adapted — — — —
Burst/tonic n 6/9 7/12 0 1/9
Max. ﬁring rate (Hz) First ISI 95.1 ± 24.3 107.6 ± 9.3 — 92.6
First 100 ms 43.7 ± 7.3 58.8 ± 4.5 — 59.2
Adapted 31.7 ± 8.5 26.9 ± 4.4 — 30.3
CV (max. ﬁring rate) 23.9 ± 0.4 28.3 ± 9.4 — —
Min. ﬁring rate (Hz) First ISI 43.9 ± 24.9 25.1 ± 10.9 — 35.2
First 100 ms 20.0 ± 6.7 9.7 ± 3.4 — 20.2
Adapted 12.2 ± 5.1 6.4 ± 2.2 — 7.1
CV (min. ﬁring rate) 49.9 ± 15.7 51.2 ± 14.5 — —
Ithr(RF) (nA) 0.8 ± 0.2 2.8 ± 0.7 — 0.9
Tonic n 0 2/12 8/8 8/9
Max. ﬁring rate (Hz) First ISI — 41.8 47.8 ± 14.6 67.7 ± 10.5
First 100 ms — 31.3 29.9 ± 4.1 36.1 ± 2.9
Adapted — 23.9 22.1 ± 1.7 20.6 ± 2.5
CV (max. ﬁring rate) — — 12.1 ± 2.6 17.6 ± 2.9
Min. ﬁring rate (Hz) First ISI — 26.2 13.2 ± 1.9 13.8 ± 1.3
First 100 ms — 19.1 12.1 ± 1.4 10.1 ± 0.6
Adapted — 13.4 9.6 ± 0.7 5.9 ± 0.9
CV (min. ﬁring rate) — — 13.6 ± 1.9 16.3 ± 2.0
Ithr(RF) (nA) — 2.3 0.8 ± 0.1 1.5 ± 0.4
The TA motoneurones ﬁred in four distinct ﬁring patterns (single spike, burst, burst/tonic and tonic) in response to depolarizing
current injections. Normal TA motoneurones exhibited mostly a burst/tonic ﬁring, whereas axotomized TA motoneurones for the
most part ﬁred tonically. The minimal ﬁring rate was calculated at the threshold for repetitive ﬁring and the maximal ﬁring rate was
calculated at twice the threshold for repetitive ﬁring. CV is the coefﬁcient of variation and Ithr(RF) is the minimal current required
forthecellstoﬁrerepetitivelyforthewholedurationofthecurrentinjection(1 s).Theresultsareexpressedasmeans ± S.E.M.whenn > 3.
from the homonymous (common peroneal) nerve as
well as the antagonistic (tibial) nerve. These synaptic
inputs are mostly mediated via glutamatergic pathways
originating from primary afferents (Kudo & Yamada,
1987; Pinco & Lev-Tov, 1993) and via glutamatergic/
glycinergic/GABAergic pathways from interneurones.
Stimulation of the CP nerve or tibial nerve at
increasing intensity resulted in graded, short- and
long-latency synaptic responses in both normal and
injured preparations (Fig. 9). As previously shown
(Ziskind-Conhaim, 1990; Pinco & Lev-Tov, 1993),
both mono- and polysynaptic responses were reduced in
amplitudebytheNMDAreceptorantagonistdl-2-amino-
5-phosphonovaleric acid (APV) and were almost
completely abolished by the non-NMDA receptor
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX; data not shown). In normal preparations,
stimulation of the CP nerve at twice threshold elicited
an antidromic action potential followed by a sharp,
short-latency monosynaptic response, which decayed
rapidly towards the baseline (Fig.9A). At higher stimulus
intensities (5×Thr), the monosynaptic response was
followed by long-latency, asynchronous polysynaptic
responses (Fig.9A). Stimulation of the tibial nerve at
both stimulus intensities elicited short- and long-latency
synaptic potentials. The earliest potential evoked from
the antagonist nerve had a short latency similar to
that of the homonymous monosynaptic response and
may therefore correspond to mono- or oligosynaptic
potentialsnotnormallyfoundinmatureanimals(Seebach
& Ziskind-Conhaim, 1994). Axotomized preparations
exhibited very robust synaptic responses following
stimulation of either CP or tibial nerve (Fig.9B and
D). Low-intensity stimulation of the CP nerve evoked
a small short-latency monosynaptic potential at a
comparatively longer latency than that of the normal
animals (Fig.9B). This could be attributed to a reduction
in the conduction velocity of afferent ﬁbres in the
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injured CP nerve. At higher intensities of stimulation
(5×Thr), long-lasting synaptic potentials giving rise
to repetitive ﬁring were observed. Similar enhanced
synaptic responses were observed in response to low-
and high-intensity stimulation of the uninjured tibial
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Figure 8. Switch from a phasic to a tonic ﬁring pattern after neonatal axotomy
Intracellular responses of a P8 normal (A and C) and a P7 axotomized motoneurone (B and D) at two levels
of depolarizing current injection. A and B are responses at the threshold for repetitive ﬁring, and C and D are
responses at twice the threshold for repetitive ﬁring. Note that the normal motoneurone shows accommodation at
the threshold for repetitive ﬁring (A), in contrast to the axotomized motoneurone (B). At larger depolarizing current
injection, the normal motoneurone elicited a burst type of ﬁring at the onset of the spike train, which is due to
the presence of the pronounced ADP (arrow in A). The resting membrane potential in the normal and axotomized
motoneurones was −57.8 and −60.6 mV, respectively. E and F show the frequency–current relationship for the
same normal and axotomized motoneurones. The values for the ﬁrst two interspike intervals (ISI) and the adapted
pattern are plotted.
nerve (Fig.9D). Although a detailed analysis was not
performed, one possible explanation for the apparently
enhancedsynapticresponseobservedinaxotomizedMNs
couldbetheirgreaterintrinsicmembraneexcitability.This
enhancedsynapticactivationofaxotomizedMNsraisesthe
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possibility that glutamate-mediated excitotoxicity may be
involved in neonatal axotomy-induced cell death (Mentis
et al. 1993).
Changes in the morphological characteristics of
motoneurones following nerve crush
In order to correlate the MN electrophysiological
properties described above with morphometric
parameters associated with the somatodendritic
morphology of normal and axotomized MNs, some
of the electrophysiologically characterized cells were
intracellularly injected with neurobiotin and their
dendritic tree was fully reconstructed at the light micro-
scopy level using a camera lucida. Figure10 shows camera
lucida reconstructions of the dendritic tree of a normal
(Fig.10A and B) and two injured TA motoneurones
(Fig.10C–F). The mean somatic area of the injured
MNs was smaller compared with that of age-matched
controls, though the difference was not statistically
signiﬁcant (control, 609.7±56.6μm2, n=11; CP crush,
516.9±39.7μm2, n=13). Normal MNs possessed
elaborate dendritic arborizations giving rise to complex
branching patterns (Fig.10B). The dendritic tree of
injured MNs exhibited a range of morphologies, with
some cells appearing qualitatively similar to normal MNs
20 mV
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High threshold
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CP stimulation
D
CP stimulation
Tibial stimulation Tibial stimulation
CP crush CONTROL
Figure 9. Enhanced synaptic responses in axotomized motoneurones
Superimposed responses evoked by low- (2 × threshold) and high-intensity stimulation (5 × threshold) from the
CP nerve (A and B) and tibial nerve (C and D) in a P7 normal (A and C) and a P5 axotomized TA motoneurone (B
and D). Antidromic action potentials (∗) were evoked following CP nerve stimulation. Orthodromic spikes, however,
were elicited only in the injured motoneurone, at low- and high-intensity stimulation from both nerves. This higher
excitability in the injured motoneurone could be due to its altered passive membrane properties (resting potential,
−66.1 mV; Rin, 12.31 M ; and IRh (rheobasic current) 2.02 nA) compared with the normal cell (resting potential,
−61.5 mV; Rin, 4.02 M ; IRh, 4.17 nA).
and others showing abnormal features, such as dendritic
sprouting (data not shown, see Dekkers & Navarrete,
1998),orfeaturesreminiscentofneurodegeneration,such
asswollenorbeadedprimarydendrites.Themostnotable
difference was reduction of the size and complexity
of the dendritic tree in injured MNs. Figure10C and
D shows that the injured MN has fewer branching
points and some dendrites were unbranched (Fig.10C,
arrows). In two cases (2/11), injured TA motoneurones
that were electrophysiologically characterized displayed
a severely reduced dendritic tree that was consistent
with advanced stages of neurodegeneration (Fig.10E
and F). Quantitative comparison of the total dendritic
length (TDL) indicated a highly signiﬁcant reduction
in the dendritic tree in injured MNs (TDL of control,
10379.7±1099.8μm, n=11; TDL following CP crush,
4718.3±742.3μm, n=11; P <0.001, paired Student’s
t test; Fig.10C and E).
Figure10G and H illustrates the correlation between
electrophysiological and morphological parameters in
the subpopulation of electrophysiologically characterized
and fully reconstructed normal (TDL and somatic
area, n=11) and axotomized (TDL, n=11; somatic
area, n=13) MNs. Figure10G shows that there was a
negative correlation between the MN somatic area and
the input resistance in control TA MNs (r =−0.70,
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Figure 10. Marked changes in morphology of injured motoneurones and correlations with input
resistance
Camera lucida reconstructions of neurobiotin-ﬁlled TA motoneurones following electrophysiological recording. A
normal P7 motoneurone (A and B) and two injured MNs (P7, C and D; and P6, E and F) are shown. The photographs
were takenfrom 100 μm thicksections.Cameralucidadrawings(B,C andE) were constructedfrom all consecutive
sections containing the dendritic tree. The normal motoneurone revealed an extensive and elaborate dendritic tree
(B).Incontrast,injuredmotoneuronesrevealedalessextensivedendritictree(CandE).Someinjuredmotoneurones
possessed dendrites with fewer branching points (arrows in C point to unbranched dendrites). A small number of
injured motoneurones exhibited gross hypotrophy of dendrites (E). In some motoneurones, the axon was visible
(arrowhead in B and E). Correlations between the somatic area and the input resistance (G) and between the total
dendritic length (TDL) and the input resistance (H) are shown for all ages (P3–P9). Normal motoneurones showed a
negative correlation between input resistance and soma size. In contrast, injured cells showed a signiﬁcant positive
correlation. The TDL in normal motoneurones was negatively correlated with their corresponding input resistance.
Although injured motoneurones revealed a dendritic tree of smaller extent, this was also negatively correlated
with their input resistance. Dashed lines highlight the subpopulation of injured motoneurones with abnormally
high values of input resistance. The positions of the normal and injured cells (normal, A and B; injured, C—F)a r e
appropriately marked in the graphs.
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P =0.01, Pearson product–moment correlation),
whereas a positive correlation was observed for
injured TA motoneurones (r =0.59, P =0.04, Pearson
product–moment correlation). In addition, there was a
negative correlation between input resistance and TDL
(Fig.10H)forbothnormal(r =−0.67,P =0.02,Pearson
product–moment correlation, n=11) and injured
MNs (r =−0.65, P =0.03, Pearson product–moment
correlation, n=11) which was not statistically different
(P >0.05, difference test for r) when compared with that
ofthenormalMNs.Interestingly,thesubsetofinjuredTA
motoneurones(∼45%,5/11)whichexhibitedabnormally
high input resistance (i.e. higher than the any of the
control cells) corresponded to those cells that showed
the smallest TDL compared with any of the control cells
(Fig.10H). This subset of injured MNs may therefore
represent a state of neurodegeneration just prior to cell
death.
Discussion
We show here that the excitability and ﬁring patterns
of MNs are profoundly altered shortly after neonatal
axotomy, at a time when a signiﬁcant proportion of the
cells are degenerating while the remainder are in the
process of reinnervating their target muscle. We found
that motoneurone excitability was increased, as indicated
by changes in passive and active membrane electrical
properties.Thesechangeswereassociatedwithashiftinthe
ﬁring pattern of the motoneurones from a predominantly
phasic pattern to a tonic pattern.
The most severe alterations in some of the electro-
physiologicalpropertieswereassociatedwithpresumptive
morphological signs of degeneration, such as a severely
reduced dendritic tree, suggesting that excessive neuro-
nal excitability may be accompanied by cell death. About
75% of TA MNs are lost during the ﬁrst 3weeks following
neonatalaxotomy.Thepeakrateofdeathoccurredwithin
the ﬁrst week postinjury, which is in accordance with
studies showing that neonatal axotomy results in massive
MN death (Schmalbruch, 1984; Lowrie et al. 1987).
Passive membrane properties and
morphological alterations
The Rin and time constant of normal TA MNs decreased
duringdevelopmentwhiletherheobasiccurrentincreased,
which is consistent with previous reports in spinal and
hypoglossal MNs (Fulton & Walton, 1986; N´ u˜ nez-Abades
et al. 1993; Viana et al. 1993b; Vinay et al. 2000).
Axotomized MNs, however, exhibited increased Rin and
time constant while the rheobase current decreased. It is
generally accepted that the Rin increases following adult
axotomy (Kuno et al. 1974; Gustafsson & Pinter, 1984;
Sernagor et al. 1986) although the extent of this alteration
depends on MN type (Titmus & Faber, 1990).
In this study, ∼30% of TA motoneurones showed
disproportionately high values of Rin, similar to those
reported for axotomized neonatal facial MNs (Umemiya
et al. 1993). Correlations of Rin with morphological
characteristics of the axotomized cells revealed that those
cells that showed the most severe alteration in cell
excitability also had the most severe reductions in TDL,
while showing only moderate changes in somatic area.
Furthermore, axotomized MNs possessed dendrites with
fewer dendritic branches compared with normal MNs. In
afewcases,morphologicalabnormalities,suchasswelling
of proximal dendrites and varicosities in distal dendrites,
were observed (data not shown), which have been seen
in advanced stages of degeneration (Barron, 1975). It is
therefore unlikely that the increase in Rin could simply be
accounted for by alterations in somatic size, as suggested
by Laiwand et al. (1988) in degenerating vagal neurones.
Thus, it is possible that other factors, such as changes in
speciﬁc membrane resistance, as reported in axotomized
corticospinal neurones (Tseng & Prince, 1996), could
contribute to changes in passive membrane properties.
Action potential characteristics
In normal MNs, the rising phase of the AP was
characterized by a clear break between the initial segment
and the somatodendritic component (Brock et al. 1953).
Incontrast,axotomizedMNsdidnotdisplayaclearIS-SD
break,andtherateofriseoftheAPwassigniﬁcantlyfaster.
Thesechangesmaybeduetoanupregulationoffunctional
voltage-sensitive Na+ channels in the somatodendritic
compartment, as demonstrated in axotomized crayﬁsh
neurones (Kuwada, 1981). Injury of adult cat MN axons
results in abnormal excitability of the somatodendritic
membrane, characterized by the presence of partial spikes
(Eccles et al. 1958; Kuno & Llin´ as, 1970), which are Na+
dependent(Sernagoretal.1986).Theincreasedamplitude
and overshoot of the AP found in injured MNs argues
further for an increase in membrane excitability, which
may be attributed to an enhanced synthesis and insertion
of Na+ channels in regions outside the initial segment, as
suggestedbyKuno&Llin´ as(1970).Recentresultsshowing
an increase in persistent Na+ currents in MNs from
transgenic animals expressing an SOD1 (superoxide
dismutase1)mutationpresentinfamilialformsofhuman
amyotrophic lateral sclerosis (Kuo et al. 2005) suggest
that changes in Na+-dependent excitability may be an
important factor in determining MN vulnerability to
neurodegeneration.
Neonatal MNs exhibit a prominent ADP, which is
associated with voltage-activated calcium conductances
(Walton & Fulton, 1986; Viana et al. 1993a; Gao &
Ziskind-Conhaim,1998;Martin-Caraballo&Greer,2001;
Miles et al. 2004) activated during the repolarizing phase
of the AP. In this study, the presence of ADP in normal
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TA MNs was also associated with a high incidence of
‘doublet’orburstﬁring,withthesecondspikeridingonthe
ADP as previously reported (Navarrete & Walton, 1989;
Viana et al. 1993a). Following injury, the incidence of
both the ADP and doublet ﬁring was markedly decreased.
Since an analysis of the various ionic conductances was
not attempted in this study, is not possible to state with
certainty which calcium conductances are differentially
affected by axotomy. However, it is interesting that, in
organotypicculturesofadultturtlespinalcordwhereMNs
are deprived of contact with their target muscle, there
is a selective reduction of L-type calcium conductances
whicharenormallyfoundinthesoma,proximalanddistal
dendrites (Simon et al. 2003). This change was associated
with a reduction of the dendritic tree, an observation also
made in the present study.
In our study, axotomized neonatal TA motoneurones
showed a signiﬁcant increase in the amplitude and
duration of the AHP. Furthermore, a subpopulation of
∼35% of injured MNs exhibited longer AHP durations
than the longest AHP recorded in control MNs. Since
axotomy of neonatal facial MNs has been shown to
have no signiﬁcant effect on calcium-activated potassium
conductances (Umemiya et al. 1993) it is possible
that these changes may be secondary to changes in
calcium conductances. It has been shown that the
AHP is dependent on calcium-activated potassium
currents (Walton & Fulton, 1986; Viana et al. 1993a,b;
Martin-Caraballo & Greer, 2001). It is thought that the
main calcium channels affecting the AHP are the N-type
Ca2+ channels (Gao & Ziskind-Conhaim, 1998; Martin-
Caraballo & Greer, 2001). It is plausible, therefore,
that neonatal axotomy may result in a decrease in
the L-type current (leading to ADP reduction) while
enhancing the N-type current (resulting in an increase
of AHP). In addition, Safronov & Vogel (1996) have
demonstrated that rat spinal MN somata possess sodium-
activated potassium channels. Although these channels
may not make any contribution to a single AP in normal
animals, they may be recruited in axotomized MNs which
exhibit an upregulation of sodium channels as we suggest
here.
Repetitive ﬁring
The alterations in the ADP and AHP discussed above
appear to be closely linked to changes in the MN ﬁring
patterns following neonatal axotomy. The major effect
was a shift in the ﬁring pattern from predominant burst
ﬁring in normal cells to tonic ﬁring in axotomized MNs
(Table 2). Axotomized MNs also required a signiﬁcantly
smaller rheobasic current, another indication of the
increased excitability of the injured cells. The burst ﬁring
in normal cells was associated with the presence of a
prominentADP.Somecontrolcells(burst/tonictypeonly)
exhibitedadaptation,whereasalmostallaxotomizedMNs
(16/17) ﬁred tonically with little or no adaptation (Fig. 8
and Table 2), probably due to the reduction in ADP and
increase in AHP duration.
Our results therefore suggest that synaptic contact
between the MN and its target muscle during a critical
neonatalperiodisimportantinregulatingthematuration
of MN functional characteristics. We have previously
shown that the in vivo ﬁring pattern of ankle ﬂexor
MNs (such as TA) which survive neonatal sciatic nerve
injury and reinnervate their target muscles is shifted
towardsatonicpattern(Navarrete&Vrbov´ a,1984;Vejsada
et al. 1991). The present results also indicate that early
alterations in intrinsic electrophysiological properties
following neonatal axotomy can lead to long-lasting
changes in MN function.
Differences in synaptic activation
Although detailed analysis of synaptic potentials was
not performed here, all axotomized MNs could be
activated synaptically from peripheral nerves (Fig. 9)
and this activation was blocked by glutamate receptor
antagonists (data not shown), as shown for normal
MNs (Evans & Long, 1989; Pinco & Lev-Tov, 1993).
Some of the injured MNs exhibited unusually robust
synaptic activation following nerve stimulation (Fig. 9).
It is possible that these enhanced synaptic potentials are
due to their higher intrinsic MN excitability and may
compensate for the loss of monosynaptic inputs resulting
fromthecelldeathofprimaryafferentsfollowingneonatal
nerve injury (Himes & Tessler, 1989; Dekkers et al. 2002).
The fact that enhanced polysynaptic reﬂex responses are
recordedfromankledorsiﬂexorMNsthatsurviveneonatal
axotomy and reinnervate their target muscle (Navarrete
& Vrbova, 1984; Vejsada et al. 1991) also suggests that a
possible source of the increased synaptic drive may come
from premotor interneurones, which sprout to cover the
synaptic territory vacated by the primary afferents that
were lost after neonatal injury. Whatever the mechanism,
the increased synaptic activation of axotomized MNs may
lead to a greater inﬂux of calcium into the cell.
Comparison between neonatal and adult axotomy
The effects of adult axotomy on the intrinsic properties
of motoneurones have been well studied (Eccles et al.
1958; Gustafsson & Pinter, 1984; Foehring et al. 1986).
It is also known that different types of adult spinal
MNs respond differently to axotomy (Kuno et al. 1974;
reviewed by Titmus & Faber, 1990). In general, following
adult axotomy, spinal motoneurones increase their input
resistance and membrane time constant, the rheobase
current decreases, their soma size decreases and some
alterations in the dendritic geometry are observed. These
changes are temporary and are thought to be dependent
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upon successful reinnervation of the motoneurone with
its target muscle (Foehring et al. 1986).
The effects of neonatal axotomy, in contrast, are less
well understood. The most signiﬁcant difference between
neonatal and adult axotomy is that disconnection of
motoneurones from their target muscles during early
development leads to a massive death of motoneurones,
somethingthatisnotobservedafteradultaxotomy(except
ventral root avulsion). The neonatal axotomy-induced
motoneuronedeathisdifferentfromtheprogrammedcell
deaththatisobservedinmotoneuronesduringembryonic
development (see review by Houenou et al. 1994) and is
believed to be a mixed response comprising necrosis and
apoptosis.
Following neonatal axotomy, we observed changes
in the intrinsic properties and the ﬁring pattern of
TA motoneurones approximately 1day after axotomy.
Althoughwedidnotrecordfromreinnervatedaxotomized
TA motoneurones, it is possible that the altered changes
in the physiological parameters of TA motoneurones
reported here may be permanent. This suggestion is
in accordance with the proposal that motoneurones
following axotomy may revert to a dedifferentiated status
andthereforeﬁreasslow-twitchmotoneurones(i.e.soleus
motoneurones; Gustafsson & Pinter, 1984). Functional
differentiation into distinct slow and fast motoneurone
typesoccursduringtheﬁrsttwopostnatalweeksintherat
(Navarrete & Vrbov´ a, 1983). The input resistance of TA
andEDLmotoneurones,forexample,decreaseswithinthe
ﬁrst2weeksafterbirth,resultinginanoverallreductionin
motoneurone excitability. This process may be halted by
neonatalaxotomyandconsequentlytheTAmotoneurones
may remain highly susceptible to discharge.
Factors involved in motoneurone vulnerability after
neonatal axotomy
In this study, we recorded from axotomized MNs that
may degenerate or successfully reinnervate and survive
to adulthood. It is not known which electrophysiological
parameters are associated with degeneration and which
reﬂect regenerative processes. It is possible that the
subpopulation of MNs exhibiting extreme alterations in
membraneexcitabilitymayrepresentMNsdestinedtodie
(prelethal stage), as proposed by Umemiya et al. (1993)
for axotomized facial MNs. Indeed, a virtually complete
retraction of the dendritic tree was observed in those
TA MNs showing the largest increase in input resistance
(Fig. 10). We postulate that the early alterations in passive
and active membrane electrical properties following
axotomy reported here may increase the vulnerability
of MNs to cell death. It is possible that alteration in a
range of ionic conductances discussed above could lead
to pathological changes in intracellular calcium (Yarom
et al. 1985) and activation of degradative processes, such
as mitochondrial dysfunction and caspase activation (for
review see Orrenius et al. 2003) leading to excitotoxic cell
death(Choi,1992;Carriedoetal.1996;Martinetal.1998).
This proposal is consistent with the ﬁnding that blockade
of glutamate receptors markedly reduces the extent of
neonatalaxotomy-inducedcelldeath(Mentisetal.1993).
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